Immunization leads to the formation of germinal centres (GCs) that contain both T follicular helper (Tfh) and T follicular regulatory (Tfr) cells. Whether T-cell receptor (TCR) specificity defines the differential functions of Tfh and Tfr cells is unclear. Here we show that antigenspecific T cells after immunization are preferentially recruited to the GC to become Tfh cells, but not Tfr cells. Tfh cells, but not Tfr cells, also proliferate efficiently on restimulation with the same immunizing antigen in vitro. Ex vivo TCR repertoire analysis shows that immunization induces oligoclonal expansion of Tfh cells. By contrast, the Tfr pool has a TCR repertoire that more closely resembles that of regulatory T (Treg) cells. Our data thus indicate that the GC Tfh and Tfr pools are generated from distinct TCR repertoires, with Tfh cells expressing antigen-responsive TCRs to promote antibody responses, and Tfr cells expressing potentially autoreactive TCRs to suppress autoimmunity.
T hymus-dependent humoral immune responses are not only critical for protection against pathogens but are also a central protective mechanism of most vaccines. These antibody-mediated responses depend on germinal centres (GCs)-anatomical structures inside the B-cell zone-where T follicular helper (Tfh) cells interact with and provide help to B cells, enabling affinity maturation and isotype switching 1 . Affinity maturation is a critical event in the GC reaction in which B cells edit their B-cell receptor (BCR) and undergo a selection process leading to higher receptor affinity. However, during affinity maturation, autoreactive BCRs may be generated, resulting in production of autoantibodies and the potential for autoimmune disease. Several autoimmune diseases are characterized by formation of ectopic GCs and production of autoantibodies 2 .
Tfh cells are required for GC formation and maintenance [3] [4] [5] [6] [7] , and Foxp3 þ T follicular regulatory (Tfr) cells participate in the regulation of GC reactions [8] [9] [10] [11] [12] . Lack of Tfr cells or an altered Tfr:Tfh ratio can increase the risk of autoimmunity and autoantibody production [13] [14] [15] [16] . This contribution of Tfr cells to the prevention of autoimmunity has been detected in several experimental models of autoimmunity and inferred from human pathology [13] [14] [15] [16] [17] .
Here we test the hypothesis that populations of Tfh and Tfr cells have different T-cell receptor (TCR) repertoires, leading to different antigenic targets for effector versus regulatory action. Protective immune responses are promoted by Tfh cells, which, with a TCR repertoire specific for an immunizing antigen, provide help to B cells and enable BCR affinity maturation, whereas the Tfr cell TCR repertoire, which is predominantly autoreactive, enables these cells to suppress autoreactive affinitymatured B-cell clones, thus preventing autoantibody-mediated autoimmunity.
Using antigen-specific CD4 þ T cells from TCR-transgenic mice, we demonstrate that recruitment of Tfh cells into GCs is predominantly controlled by specificity for the immunizing antigen. By contrast, recruitment of Tfr cells for the same GCs was not biased towards specificity for the immunizing antigen. These findings are confirmed in wild-type (WT) mice using major histocompatibility complex (MHC) class II tetramers: while we detect a large population of tetramer-positive Tfh cells, almost no tetramer-positive Tfr cells are found. In addition, we use an independent approach, analysing the TCR diversity from sorted T-cell subsets (including Tfh and Tfr) to demonstrate that Tfh cells from GCs induced by immunization with a defined antigen present oligoclonal expansions that are not observed on the Tfr subset. Moreover, the Tfr cell TCR repertoire closely resembles the thymic regulatory T (Treg) cell repertoire. Thus, our data not only confirm that Tfh cells differentiate predominantly from naive Foxp3 -T cells and that Tfr cells originate from thymic Foxp3 þ Treg cells but also show that the ontogeny of Tfh and Tfr cells corresponds to a distinct TCR usage.
Results
Tfr cells differentiate from thymic Foxp3 þ Treg cells. We had previously shown that under lymphopenic conditions, immunization with a foreign antigen leads to GC formation containing Tfr cells that differentiate from adoptively transferred thymic Foxp3 þ Treg cells 8 . To exclude a potential artefact elicited from lymphopenic conditions we now investigated, using congenic markers, the precursors of Tfr cells following immunization in two distinct genetic backgrounds (Fig. 1) . Magnetic-activated cell sorting (MACS)-purified OVA-specific TCR-transgenic CD4 þ T cells from OT-II.Rag À / À or DO11. 10 .Rag À / À mice, devoid of thymic Foxp3 þ Treg cells, were adoptively transferred into naive C57BL/6 or Balb/c hosts, respectively (Fig. 1a,b) . Recipient mice were subsequently immunized with OVA in incomplete Freund's adjuvant (OVA-IFA) in the footpad and draining popliteal lymph nodes (LNs) were analysed by flow cytometry, at the peak of GC response, when higher numbers of Tfh and Tfr cells can be obtained (day 11) 8, 18 . Popliteal LNs were found to contain Tfh populations derived to a great extent from transferred TCRtransgenic cells, while Tfr cells derived exclusively from endogenous T cells (Fig. 1c,d ). On the contrary, TCR-transgenic CD4 þ T cells from OT-II.Rag þ mice that, unlike Rag-deficient counterparts, harbour a population of TCR-transgenic thymic Foxp3 þ Treg cells (Fig. 1e) , can support the differentiation of Tfr cells, following adoptive transfer into T-cell-deficient mice (Fig. 1f) . Indeed, when OT-II.Rag þ cells were transferred into TCRb À / À mice we found that they readily gave rise to a population of Tfr cells. Note that the popliteal LN allows the study of GCs driven by the immunizing antigen since Tfh and Tfr cells, abundant in immunized mice, are virtually absent on equivalent LNs of nonimmunized C57BL/6 mice (Fig. 1g,h ). These results show that while adoptive transfer of thymic-derived Foxp3 þ Treg cells can differentiate into Tfr cells Foxp3 -T cells only differentiate into Tfh.
No preferential recruitment of antigen-specific Tfr cells. To assess the specificity requirements of Tfr cells, we took advantage of OT-II.Rag þ mice. OVA-specific TCR-transgenic CD4 þ T cells from these mice were transferred into congenic C57BL/6 mice subsequently immunized with OVA-IFA or a control antigen (b-lactoglobulin, bLG; Fig. 2a) . Again, using congenic markers, it was possible to quantify the frequency of TCRtransgenic cells within the Tfh and Tfr populations (Fig. 2a,b) . We found that a large fraction of Tfh cells in mice immunized with OVA were derived from OVA-specific precursors, while those TCR-transgenic precursors were almost excluded from Tfr cells even in OVA-immunized mice (Fig. 2b,c) . To exclude that the low number of TCR-transgenic Foxp3 þ Tfr cells observed was due to competition by a much larger number of endogenous cells, we performed adoptive cell transfers into T-cell-deficient mice, allowing competition of the same number of TCRtransgenic and WT T cells. Thus, the same number of CD4 þ T cells from OT-II.Rag þ and WT mice was co-transferred into TCRb À / À mice followed by immunization with OVA or a control antigen (Fig. 2d) . Under those conditions, and 11 days after immunization, TCR-transgenic cells became vastly overrepresented among Tfh cells in mice immunized with OVA (Fig. 2e) . In addition, we found that TCR-transgenic cells were able to differentiate into Tfr, but their frequency (B1/5 of Tfr cells) did not change significantly regardless of the immunizing antigen. In addition, the percentage of OT-II.Rag þ Treg cells that differentiated into Tfr is B8% in both immunizations although, as expected, in OVA-immunized mice the percentage of OT-II.Rag þ conventional T (Tconv) cells that differentiate into Tfh is higher than in bLG-immunized mice ( Supplementary  Fig. 1 ).
Foxp3 þ Treg cells from OT-II.Rag þ mice co-express endogenous TCR chains, in addition to the transgene, that allow their thymic selection as Treg cells 19 . In fact, WT T cells can also express more than one TCR, due to recombination of both TCRa chains 20 . We found that, as previously described, a proportion of Treg cells (B30%) do not co-express the transgenic TCR chains Va2 and Vb5 unlike Tconv cells, which are virtually all doublepositive. Nevertheless, on adoptive transfer into TCRb À / À mice and immunization, the percentage of OT-II.Rag þ Treg and Tfr cells co-expressing Va2 and Vb5 remained unchanged (Fig. 2f) . Therefore, we could not find a preferential enrichment of Va2
Vb5 double-positive cells, more likely to be specific for the immunizing antigen, within the regulatory populations after OVA immunization.
As the above observations may question the ability of Foxp3 þ cells from OT-II.Rag þ mice to properly respond to OVA stimulation, we confirmed that OT-II Treg cells can be activated by OVA. We cultured sorted Treg (CD4 þ CD25 þ GITR þ ) cells from OT-II.Rag þ and C57BL/6 WT mice in presence of interleukin-2 (IL-2) and OVA-pulsed bone marrow-derived dendritic cells (DCs; Fig. 2g ,h and Supplementary Fig. 2a ). We found that OVA-loaded DCs, unlike DCs loaded with a control antigen, promoted proliferation of OT-II Treg cells to similar extent as stimulation with anti-CD3. Moreover, WT Treg cells show lower proliferation and cell numbers when cultured in the presence of both antigens compared to cultures with anti-CD3. Of note, it was previously described that some unspecific proliferation is induced on Treg cells when cultured with activated DCs in the presence of exogenous IL-2 (refs 21,22) These results suggest that while TCR-transgenic cells specific for the immunizing antigen are able to become Tfr cells, those cells are not preferentially selected into the Tfr pool.
Tfr cells do not recognize the immunizing antigen. To obtain an independent validation of our findings without the use of TCR-transgenic mice, we used two MHC-II I-A b tetramers: a phycoerythrin (PE)-labelled tetramer containing an OVA peptide sequence (AAHAEINEA) to identify OVA-specific T cells and an allophycocyanin (APC)-labelled tetramer containing the Ag85B peptide sequence (FQDAYNAAGGHNAVF) to identify Ag85B-specific T cells. Antigen-specific tetramer þ cells were detected on draining LNs of C57BL/6 mice 11 days after immunization with several combinations of antigens and adjuvants (Fig. 4a) . In all immunizations with OVA 323-339 , the number of OVA-tetramer þ cells was increased among the Tfh population compared to mice that were not immunized with this peptide (Fig. 4b,c) . The same pattern was observed in mice immunized with Ag85B 280-294 , where we found larger populations of Ag85B-tetramer þ Tfh cells (Fig. 4d,e) . However, in neither case did we observe an enrichment of tetramer þ cells within the Tfr population ( Fig. 4b-e (Supplementary Fig. 2b ). Tfh cells from OVA-immunized C57BL/6 Foxp3 reporter mice (Foxp3 hCD2 ) 25 (Fig. 4f) . On the contrary, Tfr cells cultured with OVA presented some proliferation (probably due to the same nonspecific effect observed on Treg cell cultures on Fig. 2g,h ) but that proliferation was not higher than in the presence of bLG or unloaded DCs (Fig. 4g) . The presence of anti-CD3 induced a higher proliferation rate and survival of Tfr cells that translated into higher number of cells at the end of culture compared to the other conditions. Therefore, if Tfr cells were specific for the immunizing antigen, TCR signalling would have led to higher proliferation and cell numbers in the end of culture (Fig. 4g) . Of note, follicular T cells seem to be fragile, with low survival capacity when they are not receiving TCR signalling. In fact, non-proliferating cells die quickly in culture and only cells that undergo some degree of background proliferation survive. Tfh, but not Tfr, can be rescued when the immunizing antigen is added to the culture. As Tfr cells, Treg cells sorted from immunized mice also show lower proliferation and cell numbers when cultured with DCs loaded with OVA or bLG compared to the culture in the presence of anti-CD3 (Fig. 4h) and as previously observed on Fig. 2g ,h. Taken together, these results demonstrate that while Tfh cells specifically benefit from signals derived from the immunizing antigen, Tfr and Treg cells do not.
Tfr and Tfh have different TRBV CDR3 length distributions. We next performed TCR usage analysis in C57BL/6 mice, bearing a Foxp3 gfp reporter system, immunized with a model antigen (OVA-IFA). To minimize the contamination with pre-existent Tfh and Tfr cells from prior immune responses, we used footpad immunization with collection of popliteal LNs at the peak of the GC response. As shown in Fig. 1g ,h, there are negligible numbers of Tfh and Tfr cells in this anatomic location before immunization.
Taking advantage of the Foxp3 gfp reporter system, we sorted Supplementary Fig. 2c ). The TRBV repertoire of the different populations was then analysed by CDR3 spectratyping/Immunoscope 26 . The TRBV CDR3 length profiles (or spectratypes) of naive polyclonal CD4 þ T cells resemble Gaussian distributions 26 (Supplementary Fig. 3) . Therefore, by comparing the CDR3 length usage for each TRBV of the four sorted populations to naive CD4 þ T cells (used as control population), we can detect variations to this polyclonal distribution. Indeed, in the Tfh population there is an overrepresentation of specific CDR3 lengths (in red, Fig. 5a ). There are also some over-representations for the Tfr cells but the majority of these, besides not being common to Tfh cells, are also present in Treg cells (Fig. 5a ). In fact, detailed analysis of specific TRBV segments can identify clonal expansions among Tfh cells that are absent in the other T-cell subsets (Fig. 5b, arrows) . Also, we calculated a perturbation score 27 for every TRBV segment between all samples and the Tfr group average. Hierarchical clustering and principal component analysis (PCA) were performed using the calculated perturbation scores to reveal the divergent TRBV usage of all cell populations compared to Tfr group average. On the heatmap, Tfh cells present the higher perturbation scores (more divergent TRBV CDR3 length distributions from Tfr cells) and are clustered separately, while we observe a proximity between Tfr and Treg cells (Fig. 5c) . Moreover, the same relation between sample populations can be observed when we perform PCA: the first two principal components, which describe 77.3% of the samples variability, separate the Tfh from the remaining samples, while clustering Tfr, Treg and Tconv together (Fig. 5d) . Analysis of variance and multiple comparison analysis with Holm-Bonferroni correction for multiple sampling established the significance of the differences observed between populations, and between Tfh samples and each sample from the other populations (Supplementary Table 1) .
Taken together, our data show that within LNs draining the immunizing site, Tfh cells exhibit clear oligoclonal expansions of specific TRBV CDR3 lengths. The same pattern of TRBV CDR3 usage is not observed within the Tfr population that retain distributions of CDR3 lengths usage similar to Treg cells.
The TCR repertoire of Tfr cells resembles that of Treg cells.
The spectratyping data demonstrate that although Tfr and Tfh cell numbers increase after immunization, they present different TRBV CDR3 length usage. To further verify the different TCR usage between both populations, we sequenced the TRA of 1D2b mice, which express a fixed TCRb chain and variable TCRa chains. This 1D2b mouse line, of C57BL/6 background, was established using nuclear-transferred embryonic stem (NT-ES) cells that had been generated using peripheral CD25 high CD4 þ T cells as donor of nuclei. The productively rearranged TRB gene of one NT-ES cell line was successfully transmitted to germ-line and the resulting 1D2b mice were mated with Foxp3 hCD2 and TRA À / À mice to generate Foxp3 hCD2 .TRB1D2.TRA À /WT mice. Thus, 1D2b mice TRA sequencing provides a complete insight to the repertoire of the analysed populations, compared to WT mice, as the corresponding TRB does not vary.
Although these mice have a restricted TRB repertoire, we confirmed that their CD4 þ T cells were able to recognize OVA and differentiate into Tfh cells following OVA immunization (Fig. 6a) . To show that 1D2b Tfh cells that arise after OVA immunization can specifically recognize the antigen, we performed in vitro proliferation assays (Fig. 6b) . 1D2b mice were immunized with OVA-IFA, and 11 days later Tfh (CD4 þ CXCR5 þ PD-1 þ Foxp3 À ) cells from three individual mice were sorted and cultured with DCs pulsed with OVA ( Supplementary  Fig. 2d ). Tfh cells from all three mice were able to proliferate with OVA signals but not with the control antigen bLG (Fig. 6b) . Thus, these mice, while not being able to recombine the TRB, still have a repertoire capable of specifically recognizing OVA.
Five T-cell populations were sorted for TRA repertoire analysis on day 11 following OVA-IFA immunization from draining LNs of individual mice: Supplementary Fig. 2d) . TRA gene was then specifically amplified and sequenced on an Illumina MiSeq platform. To perform an unbiased analysis, 9,000 TCR sequences were randomly selected from each data set per sample (9,000 being the lowest number of TCR sequences identified on a sample).
We started by verifying the number of common clonotypes between Tfr cells and other populations. The number of shared clonotypes is higher between Tfr and Treg cells than any other population ( Fig. 6c and Supplementary Fig. 4a ). However, we found that from the 9,000 TCR sequences the number of identifiable clonotypes was lower for Tfr, Tfh and Tact when compared to Treg and Tconv. To determine whether this observation was in line with different clonality in the populations, we calculated a clonality score for each sample (Fig. 6d) . Indeed, the clonality score was higher for the populations with lower numbers of identifiable clonotypes, as expected, given the fact that Tfh, Tact and Tfr have undergone cell proliferation, unlike Treg and Tconv. When we checked the frequency distribution of the 20 most frequent clonotypes for each sample across all samples, we observed that the 5 most abundant clonotypes represented in average up to B50% of the total frequency for Tfh and Tact, and B40% for Tfr cells (Fig. 6e) . This was somehow expected since Tfr, Tfh and Tact almost do not exist before immunization and must expand on immunization, in contrast to Treg and Tconv (Fig. 6a) . Remarkably, the most common Tconv   TRBV1  TRBV2  TRBV3  TRBV4  TRBV5  TRBV12-1  TRBV13-1  TRBV13-2  TRBV13-3   TRBV14   TRBV15  TRBV16  TRBV17  TRBV19  TRBV20  TRBV23  TRBV26  TRBV29  TRBV30  TRBV31   TRBV1  TRBV2  TRBV3  TRBV4  TRBV5  TRBV12-1  TRBV13-1  TRBV13-2  TRBV13-3  TRBV14  TRBV15  TRBV16  TRBV17  TRBV19  TRBV20  TRBV23  TRBV26  TRBV29 clonotypes from Tfh cells are shared in different mice (yellow), and the same happens for the most common Tfr clonotypes (green), although without a significant overlap between Tfh and Tfr clonotypes (Fig. 6e) . To further investigate the proximity between Tfr and Tfh TCR repertoire, we investigated whether the 20 most predominant clonotypes from each Tfr sample are shared with other populations. We found that the cell population that shares more clonotypes with the predominant Tfr clonotypes is the Treg population (Fig. 6f) . Among the most abundant clonotypes there is only one shared between all Tfr and Tfh samples, but that clonotype is also present on all Treg samples. The same approach was performed to obtain the 20 most predominant clonotypes for each Tfh sample ( Supplementary  Fig. 4b) , where it is shown that Tfh cells present more shared clonotypes with Tact. Finally, we wanted to establish the closeness between all samples regardless of the observed expansions. For that we performed hierarchical clustering using Horn-Morisita index 28 . This index has been described as appropriate to compare immune repertoires since it is able to access the similarity between samples while taking into account the abundance of each clonotype in each sample. We found that Tfr and Treg samples are clustered together (approximately unbiased ¼ 96%), indicating that Tfr samples have a repertoire closer to that of Treg cells, rather than to that of any of the other populations (Fig. 6g) .
These results indicate that although Tfr cells undergo proliferation, their TCR is not specific for the antigen driving the GC reaction since the TCR usage has little in common with Tfh cells repertoire. Instead, Tfr cells present a TCR repertoire that closely resembles to that of Treg cells.
Discussion
During GC reaction the BCR undergoes affinity maturation leading to formation of higher-affinity receptors selected by Tfh cells. However, some mutations may lead to autoreactive receptors or receptors that are cross-reactive with autoantigens. Given the documented capacity of Tfr cells to prevent autoantibody-mediated autoimmunity [13] [14] [15] [16] [17] , we investigated the possibility that the TCR usage by Tfh and Tfr populations from the same GCs is different: only the Tfh repertoire is biased towards the immunizing antigens.
We used three distinct approaches to address that issue: one approach based on cell transfer of T cells with defined TCR specificity; another approach using tetramers to identify antigen-specific Tfh and Tfr cells in WT mice; and a final approach based on the analysis of the TCR repertoire. All experiments led to similar conclusions, showing that T-cell clones specific for the immunizing antigen are enriched within the Tfh pool, but not within the Tfr cells. Our experiments do not directly show that Tfr cells recognize self antigens and, as a consequence, the antigen specificity of Tfr cells remains to be established. Nevertheless, as the TCR repertoire of Tfr cells is closer to that of Treg cells, rather than to that of any of the other populations, we speculate that Tfr cells share the same specificity as the Treg population, which is biased towards self antigens.
We cannot exclude that under certain conditions, Tfr cells may be specific for the immunizing antigen and differentiate from peripherally induced Treg cells. Indeed, a recent report claims that Tfr cells can differentiate from Foxp3 À T cells and can be specific for the immunizing antigen 29 . However, even under those conditions tested, the percentage of tetramer-binding Tfr cells was only B3% of total Tfr cells (which we did not observe on our experiments even after enrichment) and only a percentage of those Tfr cells presented markers indicating their differentiation from Foxp3 À T cells. Moreover, these cells alone do not seem to substitute Tfr cells that originate from thymic Treg cells: Tfr cells seem to influence the affinity maturation process 30, 31 and it has been also shown that mice lacking Treg cells able to migrate into the GC have impaired affinity maturation 31 .
We studied popliteal LNs in mice immunized in the footpad. In that location nearly all Tfh and Tfr cells are derived from GCs induced by the immunizing antigen (with negligible contaminants). As a consequence, the different TCR usage between Tfr and Tfh cells, as shown in Figs 5 and 6 , suggests different antigen-specificity requirements. Furthermore, the fact that Tconv and Treg from draining LNs have Gaussian-like TRBV distributions and a low clonality score is in line with our observations with adoptively transferred TCR-transgenic cells: adoptive transfer of TCR-transgenic T cells into nonlymphopenic hosts (Figs 2c and 3d ) leads only to a minor expansion of antigen-specific cells among Tconv (4-6%), unlike what is observed within Tfh cells (30-40%) . In addition, the results obtained with tetramers corroborated our hypothesis: we could detect antigen-specific tetramer-binding Tfh, but not Tfr, cells indicating a different TCR usage.
The ontogenic origin of Tfh and Tfr cells has remained an important issue as it may be related to the distinct functional specialization of the two T follicular populations. Indeed, following immunization with an antigen in adjuvant, a process similar to what is observed following vaccination, Tfr cells associated with those induced GCs originate from pre-existing thymic Treg cells (Fig. 1) . Such ontogenic proximity between Tfr and Treg has a repercussion on the TCR usage by the two populations: the TCR usage by Tfr cells remains largely similar to the TCR usage of Treg cells.
The different ontogeny of Tfr and Tfh cells suggests an attractive model for distinct functions of the two populations: while Tfh cells predominantly promote humoral responses targeting non-self antigens, Tfr cells prevent the generation of autoantibody-mediated autoimmunity. An expected consequence of this model is a different TCR repertoire of Tfh versus Tfr cells, which is confirmed by our present results. The ability of Tfr cells to regulate non-antigen-specific B-cell clones has been suggested 9 . The distinct range of antigen targets of Tfh and Tfr cells from the same GCs provides a molecular basis for such differential behaviour. It should be noted, however, that such distinction is not complete: it was shown that Tfr cells can partially regulate the amount of antibodies produced targeting a foreign antigen 8 .
In conclusion, our data establish a different antigen specificity of Tfr and Tfh populations from the same GCs. Tfh cell repertoire comprises oligoclonal expansions in response to immunizing antigens. Such expansions are not observed in Tfr cells that bear a TCR repertoire resembling that of Treg cells, and thus, possibly, biased towards autoreactivity.
Methods
Mice and animal procedures. C57BL/6, C57BL/6.Thy1.1, Foxp3 gfp , Foxp3 hCD2 , Balb/c, TCRb À / À , DO11.10.Rag À / À , OT-II.Rag À / À , OT-II.Rag þ . Thy1.1.Thy1.2, P25 and 1D2b mice were bred and maintained in our institutespecific pathogen-free facilities. Animals of both sex (same sex per experiment) and with age ranged from 2 to 6 months were used. For animal studies, no randomization or blinding was done. Permission for animal experimentation was granted by ORBEA-iMM (the institutional Animal Welfare Body) and DGAV (Portuguese competent authority for animal protection). Animals were immunized subcutaneously in the footpad with different antigens: ovalbumin (Sigma-Aldrich, Catalogue#A5503); bLG (Sigma-Aldrich, Catalogue#L3908); OVA 323-339 (ISQAV-HAAHAEINEAGR) peptide; Ag85B 280-294 (FQDAYNAAGGHNAVF) peptide (Schafer-N); and with OVA 323-339 or Ag85B 280-294 conjugated with BSA (synthesized by Thermo Fisher Scientific or Schafer-N). Antigens were prepared by mixing the antigen solution 1:1 (v:v) with IFA or complete Freund's adjuvant, respectively (Sigma-Aldrich, Catalogue#F5506 and F5881) to a final concentration of 1.6 mg ml À 1 (proteins and peptides coupled to proteins) or 2 mg ml À 1 (peptides alone). A volume of 50 ml of emulsion was injected in each footpad. For adoptive cell transfers, purified CD4 þ T cells were injected intravenously in saline solution.
In all experiments the immunization occurred 1 day after the adoptive cell transfer, and collection of popliteal LNs at day 11 following immunization. (FQDAYNAAGGHNAVF) peptide, respectively. Staining was performed for 1 h at room temperature 32 . Enrichment of tetramer þ cells was performed using MACS cell separation system and anti-PE and anti-APC magnetic beads (Miltenyi Biotec, Catalogue#130-048-801 and 130-090-855). Samples were acquired on a BD LSR Fortessa flow cytometer. Acquisition data were analysed on FlowJo software (Tree Star). For cell sorting CD4 þ T cells for adoptive cell transfers were purified from spleen and mesenteric LNs using MACS cell separation system and anti-CD4 (L3T4) magnetic beads (Miltenyi Biotec, Catalogue#130-049-201). FACS, with monoclonal antibodies mentioned above, was performed on a BD FACSAria cell sorter. For flow cytometry analysis of cultured cells and tetramer-enriched cell samples, 10 mm latex counting beads were added to cell suspensions to obtain total cell counts (Counter Beckman).
In vitro cultures. Bone marrow-derived DCs were generated by culturing progenitors for 7 days in presence of granulocyte-macrophage colony-stimulating factor (PeproTech). Specific antigen loading was performed for 3 h at 37°C in presence of 1 mg ml À 1 of protein. CDR3 length analysis. RNA extraction from cell-sorted populations (2 Â 10 5 -5 Â 10 6 cells) was performed using TRIzol (Life Technologies, Catalogue#15596). cDNA was amplified using Random Primers and SuperScript III Reverse Transcriptase (Invitrogen, Catalogue#48190011 and 18080-044). Both RNA extraction and cDNA synthesis were performed following the manufacturer's instructions. To perform CDR3 spectratyping 26 , each obtained cDNA was divided into 23 parallel PCR reactions with a common Cb reverse primer and 23 Vb-specific forward primers (GoTaq DNA Polymerase from Promega, Catalogue#M7801, and primers from Life Technologies, Supplementary Table 2) . Run-off reactions were done using dye-labelled Cb primer. All primer sequences can be found on Supplementary Table 2 . Run-off products were run on ABI 3130XL Automatic Sequencer (Applied Biosystems) together with GeneScan 500 ROX dye Size Standard (Applied Biosystems, Catalogue#401734) and consequently separated based on their nucleotide size. Gene Mapper software (Applied Biosystems) was used to obtain nucleotide length and area of each peak.
Deep sequencing. RNA from 1D2b mice sorted cell populations (1.1 Â 10 4 -1.0 Â 10 6 cells) was extracted using RNeasy Mini kit (Qiagen, Catalogue#74104) following the manufacturer's instructions. Full-cDNA library was prepared using Mint-2 kit (evrogen, Catalogue#SK005), which introduces 5 0 -adapters to cDNA fragments, according to the manufacturer's instructions. TRA was then specifically amplified using Pfx DNA polymerase (Invitrogen, Catalogue#11708013) and a primer pair (Life Technologies) specific for the 5 0 -adapter and the C region of TRA gene. Primers used for TRA amplification can be found on Supplementary Table 2. Sequencing library was prepared using the Nextera kit (Catalogue#FC-121-1030 and FC-131-1002), in which each sample was barcoded, and sequenced using 250 bp paired-end illumina MiSeq technology (all illumina).
CDR3 data analysis. To have adequate representation of a complete TRBV repertoire, it is necessary to analyse at least 2 Â 10 5 cells. To achieve this number of cells, it was necessary to pool draining LNs from 15 mice for each biological replicate. In our experiments, we used at least three biological replicates for each T-cell subset. To extract and analyse the data obtained for CDR3 fragment size we used ISEApeaks 33, 34 . Briefly, this software quantifies the percentage of use of each CDR3 length, obtained by dividing the area of CDR3 peaks by the total area of all peaks within the profile. On C57BL/6 mice, TRBV21 and TRBV24 are pseudogenes and thus ignored on the analysis. TRBV12-2 was also discarded since it could not be detected on three of the samples. To facilitate the comparison between samples and populations, a perturbation score 27 was computed to obtain the overall differences between TRBV CDR3 spectratypes of each sample and the average profiles of Tfr samples as control group. Calculated scores were used to perform the hierarchical clustering (using Euclidean distance and average linkage) and PCA.
Deep sequencing data analysis. Paired-end 250 bp illumina sequencing data were initially trimmed and subsequently merged using PEAR 35 . clonotypeR 36 toolkit was then used to perform TCR sequence annotation. Two samples had to be discarded due to low sequencing quality (mouse 3 Tfh sample and mouse 4 Tfr sample). Out of the 7,547,998 raw reads obtained for the 18 remaining samples, we identified 25,099 TCR clonotypes from 949,729 productive TCR sequences. For the samples to be comparable, the analyses were performed on 9,000 randomly selected TCR sequences for each data set as it was the lowest number of TCR sequences found in a data set. We repeated this sampling process 100 times to obtain the mean±s.d. values presented on the Venn diagrams. The presented clonality metric is 1 À Pielou's evenness index 37 , and can vary from 0 to 1 (more diverse to less diverse). The Pielou's evenness corresponds to the Shannon's entropy 38, 39 (using log 2) for each sample divided by the number of unique clonotypes (in log 2) of the same sample. For the histogram of cumulative frequency, the 20 most predominant clonotypes were determined for each sample, and gathered across all samples to plot the cumulative frequency of those clonotypes for each sample. The 20 most predominant Tfr clonotypes were selected from each of the three Tfr samples and gathered into a list used to perform hierarchical clustering in all samples (using Euclidean distance and average linkage). The same was performed for the 20 most predominant clonotypes of each Tfh sample. Dendrogram of overall relation between all samples was obtained using Horn-Morisita index 28, 40 as distance and average linkage. This index assesses the similarity between samples taking into account the abundance of each clonotype in the sample. Approximately unbiased P values were calculated for each cluster through 1,000 bootstrap resampling iterations 41 .
Statistical analysis. Scatter plots and column bar graphs were obtained using GraphPad PRISM. Unless stated otherwise, n represents the number of individual mice analysed per experiment. To determine statistical significance, two-tailed non-parametric Mann-Whitney U-tests were performed, and Po0.05 was deemed significant (in figures: *Po0.05; **Po0.01). A minimum of five mice per group were used on in vivo experiments to allow usage of non-parametric statistical tests. Clustering analysis, PCA, Venn diagrams, analysis of variance, pairwise multiple comparison analysis with Holm-Bonferroni correction for multiple sampling, statistical analysis and multivariate analysis were performed using R software (http://www.r-project.org/). Data availability. Sequence data that support the findings of this study have been deposited in the Sequence Read Archive with the accession code SRP096953. All other relevant data are available from the corresponding author on reasonable request.
